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Abstract
We study the residues of ΛQ-type baryons (ΛQ and Ξ
A
Q) (Q = b, c) and ΣQ-type baryons (Σ
(∗)
Q ,
Ξ
S(∗)
Q and Ω
(∗)
Q ) in the quark-diquark model within the Bethe-Salpeter (BS) formalism. These
residues can be used, for example, in the calculations of the amplitudes in the scattering processes.
After constructing the baryonic currents in the BS formalism, we derive the relations between the
BS wave functions and the residues for these baryons. The BS equations are solved numerically
with the kernel including the scalar confinement and the one gluon exchange terms and with the
covariant instantaneous approximation being employed in the calculations. Finally, we obtain the
numerical values of the residues 0.103 GeV ∼ 0.224 GeV for ΛQ, 0.143 GeV ∼ 0.215 GeV for ΞAQ,
0.262 GeV ∼ 0.361 GeV for Σ(∗)Q , 0.313 GeV ∼ 0.460 GeV for ΞS(∗)Q and 0.473 GeV ∼ 0.571 GeV for
Ω
(∗)
Q in the ranges of the parameters in our model.
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I. INTRODUCTION
The residues of baryons are important parameters in studying their hadronic properties,
for example, in QCD sum rules, the residues are needed as one of the main inputs for further
calculating decay constants and coupling constants of baryons [1–3]. In this paper, we will
present the calculations of the residues for ΛQ-type (Q = b, c) baryons which include ΛQ and
ΞAQ, and ΣQ-type baryons which are Σ
(∗)
Q , Ξ
S(∗)
Q and Ω
(∗)
Q [4, 5]. In the heavy quark effective
theory (HQET), baryons are categorized based on the angular momentum and parity (jP ) of
the light part. For the ground states of heavy baryons, jP of the light part can be either 0+
or 1+, which naturally gives the ΛQ-type and ΣQ-type baryons, respectively. Furthermore,
after adding the heavy quark in these baryons, jP = 1
2
+
for ΛQ and Ξ
A
Q, and the degenerate
states jP = 1
2
+
, jP = 3
2
+
for ΣQ (Ξ
S
Q, ΩQ), Σ
∗
Q (Ξ
S∗
Q , Ω
∗
Q) can be obtained.
The properties of baryons which contain a single heavy quark can be simplified due to
fact that the mass (or the flavor) and spin of the heavy quark become irrelevant to the
leading order in 1/mQ expansion. Since the light part has good spin and isospin numbers,
these baryons can be investigated in the quark-diquark picture [1, 4, 6–10]. The residues
of baryons were mainly investigated with the method of QCD sum rules during the past
few decades [2, 3, 11–14]. The constructed baryonic currents employed in QCD sum rules
are not based on the quark-diquark model, which can be seen from the dimension of the
residues [12]. In this work, we will construct the baryonic currents for ΛQ-type and ΣQ-type
baryons respectively. Then the Bethe-Salpeter (BS) equation will be employed to calculate
the residues of ΛQ-type and ΣQ-type baryons in the quark-diquark picture in the heavy
quark limit mQ → ∞. These residues reflect the inner structures of heavy baryons in the
quark-diquark picture.
In order to obtain further prospects of ΛQ-type and ΣQ-type baryons for experimental
study and future colliders, it is important to have accurate predictions for the production
rates of heavy baryons, and that is where we will need the residues of these baryons. In
Refs. [15, 16], the authors established the connection between the baryonic current in the
quark-diquark model and the scattering amplitude of a diquark and a heavy quark to a
heavy baryon ΩQ′Q′′Q, where baryons containing a heavy scalar diquark and a heavy quark
were considered. In our work, we will study the baryons containing one heavy quark and
a light diquark. Following the formalism in Ref. [16], the production amplitude of Ωq1q2Q
2
from a scalar diquark D and a heavy quark Q is (see Fig. 1, q1 and q2 are light quarks which
compose of the diquark D)
T ∼ g2s
1
q2
FS(q
2)〈Ωq1q2Q|J |0〉, (1)
where J is the baryonic current, q is the momentum transfer (q = k − k′), gs is the strong
coupling constant, and FS is the form factor of the diquark which is introduced to describe
the interaction between the diquark and the gluon [16]. It can be seen from Eq. (1) that
the residue of the baryon, which is related to the matrix element 〈Ωq1q2Q|J |0〉, is needed in
the calculation. Conversely, although there has been no direct experimental measurement
of the residues for ΛQ-type and ΣQ-type baryons, one can make use of the relation between
the residue in the quark-diquark model and the scattering amplitude for the production
of the heavy baryon in Eq. (1) to obtain the values of the residues of heavy baryons from
experimental data. Obviously, the residues of heavy baryons can also be used to calculate
fragmentation functions of heavy baryons.
D¯(k′)
D(k)
Q(p′)
Q(p)
Ωq1q2Q
g
FIG. 1. The example of the production of Ωq1q2Q from a scalar diquark D(q1q2) and a heavy quark
Q through the exchange of the gluon g [16].
The BS equations for the ΛQ-type and the ΣQ-type baryons have been established in the
quark-diquark picture in the leading order of the 1/mQ expansion [4, 5]. They were applied
to study the properties of the ΛQ-type and the ΣQ-type baryons, and theoretical predictions
were found to be consistent with the available experimental data [10, 17]. The kernel for the
BS equation is motivated by the potential model, which consists of the scalar confinement
and the one gluon exchange terms [4, 10, 17–20]. We will construct the formalism for the
residue calculations in the BS equation approach [21]. After that, the BS equations will be
3
solved using the covariant instantaneous approximation [18, 22–24], and the obtained BS
wave functions will be applied to calculate the residues of ΛQ, Ξ
A
Q, Σ
(∗)
Q , Ξ
S(∗)
Q and Ω
(∗)
Q .
This paper is organized as follows. In Sec. II, we will construct the baryonic currents for
ΛQ-type and ΣQ-type baryons, and define the residues of the heavy baryons in the quark-
diquark picture. In Sec. III, the BS equations for ΛQ-type and ΣQ-type baryons will be
presented under the heavy quark limit. In Sec. IV, we will give the numerical results for
the BS wave functions of ΛQ-type and ΣQ-type baryons and their corresponding residues.
Finally, the summary will be given in Sec. V.
II. BARYONIC CURRENTS FOR ΛQ-TYPE AND ΣQ-TYPE BARYONS
In this section, we will present the baryonic currents for the heavy baryons. Generally,
for a baryon composed of a heavy quark Q and two light quarks q1 and q2, the baryonic
current has the form [3, 12, 14]:
J = [qiT1 CΓτq
j
2]Γ
′Qkεijk, (2)
where i, j, k are the color indices, the index T indicates the transposition of the matrix, C
stands for the charge conjugation matrix, τ is the matrix in the flavor space and Γ and
Γ′ represent the light side and heavy side Dirac structures of current vertices, respectively.
Neglecting color indices and τ , the current could be abbreviated as the form
J = [qTCΓq]Γ′Q. (3)
Then, the current for the ΛQ-type baryon including the scalar diquark D (q
TCγ5q) composed
of two light quarks can be written in the following form:
JΛQ = DQ. (4)
In the rest frame, ΣQ-type and Σ
∗
Q-type baryons are described by the current
~J = ~AQ with
~A being the isovector diquark field [12, 25, 26]. ~J can be decomposed as
~J = ~AQ =
(
~J +
1
3
~γ~γ · ~J
)
− 1
3
~γ~γ · ~J, (5)
where the part ~J + 1
3
~γ~γ · ~J satisfies the relation ~γ · ~J = 0, thus has spin 3/2 corresponding
to the Σ∗Q-type baryon, and the other part can be written as the following form:
− 1
3
~γ~γ · ~J = −1
3
~γγ5γ5~γ · ~AQ = 1
3
~γγ5J1/2, (6)
4
where J1/2 = ~A · ~γγ5Q satisfies the condition γ0 ~J1/2 = ~J1/2, indicating ~J1/2 has spin 1/2
and corresponds to ΣQ. The above currents can be generalized to the general frame by
substituting γ0 with v/ and ~γ with γ
⊥
µ = γµ − v/vµ (v is the velocity of ΣQ-type or Σ∗Q-type
baryon). With these substitutions, we arrive at the current:
J1/2 = Aµ(γ
µ − v/vµ)γ5Q. (7)
Since Aµ satisfies the condition v
µAµ = 0, we have the following form for the baryonic
current of ΣQ-type baryon
JΣQ = J1/2 = Aµγ
µγ5Q. (8)
Similarly, we have the following form for the current of Σ∗Q-type baryon:
JµΣ∗Q
= AµQ+
1
3
(γµ − v/vµ)A/Q. (9)
We can define the residues for ΛQ-type and Σ
(∗)
Q -type baryons in the quark-diquark picture
in the following forms:
〈0|JΛQ|ΛQ〉 = fΛQuΛQ , (10)
〈0|JΣQ |ΣQ〉 = fΣQuΣQ , (11)
〈0|JµΣ∗Q|Σ
∗
Q〉 =
1√
3
fΣ∗Qu
µ
Σ∗Q
, (12)
where fΛQ , fΣQ and fΣ∗Q are residues for ΛQ-type, ΣQ-type and Σ
∗
Q-type baryons, respectively,
uΛQ , uΣQ and u
µ
Σ∗Q
are their corresponding spinors. We will show later that in the leading
order of HQET the residues for the spin doublet, for example, {ΣQ,Σ∗Q}, are the same.
III. THE BETHE-SALPETER FORMALISM FOR ΛQ-TYPE AND ΣQ-TYPE
BARYONS
A. The BS equations for ΛQ-type baryons
In this subsection, we will take ΛQ as an example for the ΛQ-type baryons. ΛQ can be
treated as the composition of a light scalar diquark and a heavy quark. As mentioned before,
in this quark-diquark picture, the BS wave function for ΛQ is defined as [5]
χ(x1, x2, P ) = 〈0|Tψ(x1)φ(x2)|ΛQ(P )〉, (13)
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where P = mΛQv is the momentum of ΛQ, and v is its velocity, φ(x1) and ψ(x2) are the
field operators of the scalar diquark and the heavy quark, respectively. Define λ1 =
mQ
mQ+mD
,
λ2 =
mD
mQ+mD
, where mQ and mD are the masses of the heavy quark and the light diquark,
respectively. The BS equation in momentum space can be expressed as
χ(x1, x2, P ) = e
−iPX
∫
d4p
(2pi)4
e−ipxχP (p), (14)
where X = λ1x1 + λ2x2 is the coordinator of center of mass, x = x1 − x2 is the relative
coordinator, and p is the corresponding relative momentum. Then the momentum of the
heavy quark is p1 = λ1P + p, and p2 = λ2P − p for the light diquark.
The BS equation for ΛQ has the following form [5]:
χP (p) = SF (p1)
∫
d4q
(2pi)4
G(P, p, q)χP (q)SD(p2), (15)
where G(P, p, q) is the kernel which includes the one gluon exchange term and the
confinement term [4, 18],
− iG = I ⊗ IV1 + vµ ⊗ (p2 + p′2)µF (Q2)V2, (16)
where the first term corresponds to the scalar confinement while the second term is from the
one gluon exchange diagram, and the vertex describing the interaction between the gluon
and two scalar diquarks is (p2 + p
′
2)
µF (Q2) with F (Q2) the form factor due to the structure
of the scalar diquark.
It has been shown that in the leading order of 1/mQ expansion we only need one scalar
function, fP (p), to describe the BS wave function of ΛQ [5]. fP (p) has the following relation
with χP (p):
χP (p) = fP (p)uΛQ , (17)
where uΛQ is the Dirac spinor of ΛQ and fP (p) is the scalar function of pl and p
2
t , which are
defined as pl = v ·p−λ2mΛQ , pt = p− (v ·p)v. Substituting the explicit forms of propagators
of the scalar diquark and the heavy quark into Eq. (15), and completing the integral
∫
dql
2pi
,
we obtain the following equation for the scalar function f˜P (pt)(=
∫
dql
2pi
fP (p)):
f˜P (pt) = − 1
2Wp(λ1mΛQ − ωQ −Wp)
∫
d3qt
(2pi)3
(V˜1 − 2WpV˜2)f˜P (qt), (18)
where ωQ =
√
m2Q − p2t , Wp =
√
m2D − p2t and V˜1(2) =
∫
dql
2pi
V1(2). The covariant
instantaneous approximation is applied in obtaining Eq. (18). Meanwhile, we have the
6
explicit forms for V˜1,
V˜1 =
8piκ
[(pt − qt)2 + µ2]2 − (2pi)
3δ3(pt − qt)
∫
d3k
(2pi)3
8piκ
(k2 + µ2)2
, (19)
and V˜2 combining the form factor F (Q
2) =
αseffQ
2
0
Q2+Q20
[28],
V˜2 = −16pi
3
α2seffQ
2
0
[(pt − qt)2 + µ2][(pt − qt)2 +Q20]
, (20)
where κ and αseff are coupling parameters related to the confinement and one gluon
exchange interactions, and µ is introduced to avoid the infrared divergence in numerical
calculations, we will apply the limit µ → 0 in the end. Q20 is a parameter which is used
to freeze F (Q2) when Q2 is small. From the analysis of the electromagnetic form factor
for proton, Q20 was found to be consistent with the experiment data when Q
2
0 = 3.2 GeV
2
[17, 28].
From the fact that the Isgur-Wise function is normalized to one at the zero recoil point, we
can determine the normalization constant for ΛQ [5]. In the heavy quark limit, the Isgur-Wise
function ξ(ω) (ω = v · v′ is the velocity transfer) is related to the matrix 〈Λc(v′)|c¯γµb|Λb(v)〉,
which has the following relation with the BS wave function of ΛQ [5]:
〈Λc(v′)|c¯γµb|Λb(v)〉 =
∫
d4p
(2pi)4
χ¯P ′(p
′)γµχP (p)S−1D (p2), (21)
where v and v′ are the velocities of Λb and Λc, respectively. Then, we have
ξ(ω) =
∫
d4p
(2pi)4
fP ′(p
′)fP (p)S−1D (p2). (22)
B. The BS equations for ΣQ-type baryons
In this subsection, we will take Σ
(∗)
Q as an example for ΣQ-type baryons. Σ
(∗)
Q is regarded
as a bound state of an axial-vector diquark Aµ and a heavy quark ψQ. We can use Bµ = uQµ
to represent the heavy baryon state, where uQ stands for the Dirac spinor of Q, and µ is the
polarization vector of Aµ. The state Bµ could be split into spin-1/2 and spin-3/2 degenerate
states in the heavy quark limit corresponding to ΣQ and Σ
∗
Q, respectively [4, 26, 29, 30].
According to Refs. [29–31], the doublet {ΣQ,Σ∗Q} could be represented by Bmµ , where m = 1
(2) stands for spin-1/2 (3/2). The explicit forms of B1µ and B
2
µ are [26]
B1µ(v) =
1√
3
(γµ + vµ)γ5u(v), (23)
7
B2µ(v) = uµ(v), (24)
where v is the velocity of Σ
(∗)
Q , u(v) is the Dirac spinor and uµ(v) is the Rarita-Schwinger
vector spinor [26]. Besides, Bmµ (v) satisfies the conditions [4]:
v/Bmµ = B
m
µ (v), v
µBmµ (v) = 0, γ
µB2µ = 0. (25)
The BS wave function of Σ
(∗)
Q is defined as
χµ(x1, x2, P ) = 〈0|TψQ(x1)Aµ(x2)|Σ(∗)Q (P )〉. (26)
Define η1 =
mQ
mQ+mA
, η2 =
mA
mQ+mA
, where mQ and mA denote the masses of the heavy quark
and the axial-vector diquark, respectively. Then, Σ
(∗)
Q follows the similar BS equation to ΛQ:
χµPm(p) = SF (p1)
∫
d4q
(2pi)4
Gρν(P, p, q)χ
ν
Pm(q)S
µρ
D (−p2), (27)
where χµPm is the BS wave function of Σ
(∗)
Q in momentum space, Gρν(P, p, q) is the kernel in
the Σ
(∗)
Q case, which is similar to the form used in the ΛQ case [4, 5], SF (p1) and S
µρ
D are the
propagators of the heavy quark and the axial-vector diquark, respectively.
Due to the flavor and spin symmetries in the heavy quark limit, and taking into account
Lorentz transformation, P-parity transformation and spin rotation, we have the following
form for the BS wave function of Σ
(∗)
Q [4, 26, 32]:
χµPm = AB
µ
m(v) + Cv
µptνB
ν
m(v) +Dp
µ
t ptνB
ν
m(v), (28)
where A, C and D are Lorentz scalar functions. After substituting the explicit forms of
the propagators and the kernel Gρν(P, p, q) into Eq. (27), we obtain three coupled integral
equations,
A˜(p2t ) = −
1
2wp(η1mΣ(∗)Q
− ωQ − wp)
∫
d3qt
(2pi)3
[
A˜(q2t )(V˜1 − 2wpV˜2)
− C˜(q2t )V˜2
p2t q
2
t − (pt · qt)2
2p2t
+ D˜(q2t )(V˜1 − 2wpV˜2)
p2t q
2
t − (pt · qt)2
2p2t
]
, (29)
C˜(p2t ) = −
1
2m2Dwp(η1mΣ(∗)Q
− ωQ − wp)
∫
d3qt
(2pi)3
{
A˜(q2t )
[
wpV˜1
− (m2D − wp(η1mΣ(∗)Q − ωQ))V˜2
]
+ C˜(q2t )
[
(pt · qt)
p2t
(m2D − wp(η1mΣ(∗)Q − ωQ))V˜1 −
(pt · qt)2
p2t
wpV˜2
]
+ D˜(q2t )
[
(pt · qt)2
p2t
wpV˜1 − (pt · qt)
2
p2t
(m2D + wp(η1mΣ(∗)Q
− ωQ))V˜2
]}
, (30)
8
D˜(p2t ) =
1
2m2Dwp(η1mΣ(∗)Q
− ωQ − wp)
∫
d3qt
(2pi)3
{
A˜(q2t )(V˜1 − wpV˜2)
+ C˜(q2t )
[
−pt · qt
p2t
wpV˜1 +
m2D(3(pt · qt)2 − p2t q2t )− 2p2t (pt · qt)2
2p4t
V˜2
]
+ D˜(q2t )
[−m2D(3(pt · qt)2 − p2t q2t ) + 2p2t (pt · qt)2
2p4t
V˜1
− p
2
t (pt · qt)2 −m2D(3(pt · qt)2 − p2t q2t )
p4t
wpV˜2
]}
, (31)
where wp =
√
m2A − p2t , and terms like
∫
d4q
(2pi)4
qµf and
∫
d4q
(2pi)4
qµt q
ν
t f can be expaned to terms
including pµt and v
µ on the grounds of Lorentz invariance [4].
For the normalization of the BS wave function of Σ
(∗)
Q , we can use the similar technique
used in the ΛQ case. The Isgur-Wise function for Σ
(∗)
Q has the following relation with the
transition matrix Σ
(∗)
b → Σ(∗)c at the zero recoil point:
〈Σ(∗)c (v)|c¯Γb|Σ(∗)b (v)〉 = ξ(1)B¯m′µ(v)ΓBµm(v), (32)
where ξ(1) is the Isgur-Wise function for Σ
(∗)
Q at the zero recoil point. Meanwhile, the above
transition matrix can be expressed with the BS wave function of Σ
(∗)
Q as the following:
〈Σ(∗)c (v)|c¯Γb|Σ(∗)b (v)〉 =
∫
d4p
(2pi)4
i
η1mΣ(∗)Q
− ωQ + pl + iεχ¯
µ
Pm′(p)Γ
∫
d4q
(2pi)4
Gµν(P, p, q)χ
ν
Pm(p),
(33)
substituting Eq. (33) into (32), we arrive at
ξ(1) =
∫
p2tdpt
4pi2
2
η1mΣ(∗)Q
− ωQ − wp
[
A˜(p2t )h1(|pt|)−
1
3
p2t C˜(p
2
t )h2(|pt|)
− 1
3
p2t D˜(p
2
t )h3(|pt|) +
1
6m2A
p2th2(|pt|)h4(|pt|) ] , (34)
where hi(|pt|)(i = 1, 2, 3, 4) are of the forms:
h1(|pt|) =
∫
q2t dqt
4pi2
{
8piκF1[A˜(q
2
t )−
1
3
q2t D˜(q
2
t )] + F2
[
2wpA˜(q
2
t )−
1
3
q2t C˜(q
2
t )
− 2
3
wpq
2
t D˜(q
2
t ) ]− 8piκF1[A˜(p2t )−
1
3
p2t D˜(p
2
t )] } , (35)
h2(|pt|) =
∫
q2t dqt
4pi2
[
F2A˜(q
2
t ) + 8piκF3
1
p2t
C˜(q2t ) + F4
1
p2t
D˜(q2t )− 8piκF1C˜(p2t )
]
, (36)
h3(|pt|) =
∫
q2t dqt
4pi2
{
8piκF1A˜(q
2
t ) + 2wpF2A˜(q
2
t )− 8piκF5
1
p2t
D˜(q2t )
+ F4
1
p2t
[C˜(q2t + 2wpD˜(q
2
t ))]− 8piκF1[p2t D˜(p2t )− A˜(p2t )] } , (37)
9
h4(|pt|) =
∫
q2t dqt
4pi2
{
−F2A˜(q2t ) + 8piκF3
1
p2t
C˜(q2t )− F4
1
p2t
D˜(q2t )− 8piκF1C˜(p2t )
}
, (38)
where Fi(i = 1, 2, 3, 4, 5) are functions of |pt| and |qt|, the explicit forms of which can be
found in Ref. [4], β = α2seffQ
2
0. In this way, scalar functions A˜(p
2
t ), C˜(p
2
t ) and D˜(p
2
t ) can be
normalized with the aid of Eqs. (34)-(38).
IV. CALCULATIONS OF RESIDUES FOR ΛQ-TYPE AND ΣQ-TYPE BARYONS
A. The numerical solutions for the BS wave functions of ΛQ-type and ΣQ-type
baryons
In this section, we will solve the BS equations numerically and then apply the results to
calculate the residues of ΛQ-type and ΣQ-type baryons, which are defined in Eqs. (10)-(12).
To solve Eq. (18) and the three coupled integral equations (29), (30) and (31) numerically, we
have to discretize the integration regions into n pieces with n being sufficiently large. Then
the equations become eigenvalue equations and can be solved with Gaussian integration
method.
There are several parameters in our model for ΛQ-type and ΣQ-type baryons: αseff , κ,
Q20, mD, mA. The coupling parameter κ is taken to in the range 0.02 GeV
3 ∼ 0.08 GeV3 in
the baryon case [33]. Once κ is settled, αseff can be determined by solving the eigenvalue
equations because of the constraint between κ and αseff . Q
2
0 = 3.2 GeV
2 extracted from the
electromagnetic form factor of the proton is taken in both ΛQ-type and ΣQ-type cases, as it
is associated with the light diquark [4, 5, 33, 35]. For the heavy quark masses, we will take
the values that have been used in many papers [5, 23, 27]: mb = 5.02 GeV, mc = 1.58 GeV,
because the predictions they lead are consistent with experiment data. Besides, we will let
the diquark masses vary in reasonable regions: 0.60 ∼ 0.80 GeV for the light scalar diquark
ud [5, 17], 0.90 ∼ 1.00 GeV for the light scalar diquark us, 0.90 ∼ 1.10 GeV for the light
axial-vector diqaurk uu, ud or dd, 1.05 ∼ 1.15 GeV for the axial-vector diquark us or ds and
1.15 ∼ 1.25 GeV for the axial-vector diquark ss. On top of that, the parameter µ, which is
introuduced here to cancel the infrared divergence, will be taken to approach 0 in the end
of calculations.
For the masses of ΛQ-type and ΣQ-type baryons, we have the following expressions in the
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leading order of 1/mQ expansion:
mi = mQ +mDi + Ei (i = ΛQ,Ξ
A
Q), (39)
mi = mQ +mAi + Ei (i = Σ
(∗)
Q ,Ξ
S(∗)
Q ,Ω
(∗)
Q ), (40)
where Ei is the binding energy. It can be seen that the parameters mDi(Ai) and Ei are
constrained by the relation mDi(Ai) + Ei = mi −mQ, where we omit the 1/mQ corrections.
Thus, we will have mDi +Ei as 0.60 GeV for i = ΛQ and 0.77 GeV for i = Ξ
A
Q, and mAi +Ei
as 0.79 GeV for i = Σ
(∗)
Q , 0.93 GeV for i = Ξ
S(∗)
Q and 1.03 GeV for i = Ω
(∗)
Q [34]. In Table I, we
give the values of αseff we obtain while solving the BS equation formD = 0.60, 0.70, 0.80 GeV
with different values of κ ranging from 0.02 GeV3 to 0.08 GeV3 for ΛQ [17]. As we can see
TABLE I. The values of αseff for ΛQ with different values of κ and mD under the heavy quark
limit.
κ( GeV3) 0.02 0.04 0.06 0.08
mD = 0.60 GeV 0.58 0.65 0.68 0.71
mD = 0.70 GeV 0.69 0.72 0.75 0.77
mD = 0.80 GeV 0.77 0.79 0.81 0.82
TABLE II. The values of αseff for Ξ
A
Q with different values of κ and mD under the heavy quark
limit.
κ( GeV3) 0.02 0.04 0.06 0.08
mD = 0.90 GeV 0.69 0.71 0.73 0.74
mD = 0.95 GeV 0.73 0.75 0.76 0.77
mD = 1.00 GeV 0.77 0.78 0.79 0.80
from the data in Table I, once the parameters mD and Q
2
0 are fixed, αseff for ΛQ will
undergo some notable change with the increase of κ, and for each κ, αseff also increases
as mD increases. When the confinement parameter κ is relatively small, the value of mD
will impose bigger influence on αseff . On top of that, we also find that when κ and the
mass for diqaurk we choose are small enough, there will not be numerical solution for the
BS wave function of ΛQ, which suggests the value of mD should be at least 0.60 GeV. In
general, αseff in Ξ
A
Q follows a similar pattern to the change of αseff in ΛQ, but the increase
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in αseff for Ξ
A
Q as κ increases is relatively small compared to the case in ΛQ when the mass
of diquark is small.
For the case of ΣQ-type baryons, we have to solve three coupled integral equations
(29), (30) and (31) to obtain the numerical solution of A˜(p2t ), C˜(p
2
t ) and D˜(p
2
t ). After
discretization, these three equations can be changed to three matrix equations,
A˜ = Z1A˜+ Z2C˜ + Z3D˜, (41)
0 = R1A˜+R2C˜ +R3D˜, (42)
0 = T1A˜+ T2C˜ + T3D˜, (43)
where Zi, Ri and Ti (i = 1, 2, 3) are n× n matrices. With the help of Eqs. (42) and (43), C˜
and D˜ can be eliminated from Eq. (41). Thus, we can solve the wave function A˜ first and
then we can obtain C˜ and D˜ by using the same technique. In Table III, we give the values
of αseff for Σ
(∗)
Q in the ranges of the parameters in our model.
As it is shown in Table III that there appear small changes in the values of αseff as κ
varies. We find no numerical solutions for αseff when the mass of the axial-vector diquark
is 1.10 GeV, which suggests that the maximum value for the mass of the light axial-vector
diquark in Σ
(∗)
Q should be below 1.10 GeV, and we find the maximum mass value for mA
allowed in our model is 1.06 GeV.
TABLE III. The values of αseff for Σ
(∗)
Q with different values of κ and mD under the heavy quark
limit.
κ(GeV3) 0.02 0.04 0.06 0.08
mA = 0.90 GeV 0.62 0.63 0.63 0.64
mA = 1.00 GeV 0.69 0.70 0.70 0.73
mA = 1.06 GeV 0.75 0.76 - -
The values of αseff are given in Table IV and V for ΞQS(∗) and Ω(∗)Q respectively, where
we can see that αseff for Ξ
S(∗)
Q and Ω
(∗)
Q increases with the increase in κ and the mass of
diquark. Generally, the changes of αseff in these three baryons (Σ
(∗)
Q , Ξ
S(∗)
Q and Ω
(∗)
Q ) with
different values of κ and mA are quite similar due to the approximate SU(3) flavor symmetry.
In Fig. 2, we plot the BS wave function for ΛQ-type baryons with respect to |pt|. It can
be seen from these curves that the shapes of all these BS wave functions are similar, and
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TABLE IV. The values of αseff for Ξ
S(∗)
Q with different values of κ and mD under the heavy quark
limit.
κ(GeV3) 0.02 0.04 0.06 0.08
mA = 1.05 GeV 0.64 0.65 0.66 0.67
mA = 1.10 GeV 0.69 0.69 0.70 0.71
mA = 1.15 GeV 0.72 0.73 0.73 0.74
TABLE V. The values of αseff for Ω
(∗)
Q with different values of κ and mD under the heavy quark
limit.
κ(GeV3) 0.02 0.04 0.06 0.08
mA = 1.15 GeV 0.58 0.60 0.63 0.64
mA = 1.20 GeV 0.62 0.63 0.65 0.67
mA = 1.25 GeV 0.65 0.67 0.67 0.69
clearly, the BS wave functions for ΛQ are steeper than those for Ξ
A
Q, which can be attributed
to the more heavy diqaurk in ΞAQ. Similarly, we obtain four BS wave functions for ΛQ and
ΞAQ in different scenarios in Fig. 3, where we have κ fixed at 0.06 GeV
3, and allow the mass
of diquark of ΛQ and Ξ
A
Q vary in their regions. It can be seen the results are similar to Fig. 2
and Fig. 3.
We present the solutions of the BS wave functions for ΣQ-type baryon in Figs. 4, 5 and
6, where we give the numerical results of BS wave functions for Σ
(∗)
Q , Ξ
S(∗)
Q and Ω
(∗)
Q , with
κ in the range 0.02 ∼ 0.08 GeV3 for all the ΣQ-type baryons in this work. For example,
the BS wave function of Σ
(∗)
Q is solved with different values of κ when mD = 1.00 GeV. In
comparison, we also illustrate the other two ΣQ-type baryons, we can see that curves are
becoming smoother and wider as the mass mA increases. Besides, it can be easily seen from
these figures that the BS wave functions for Σ
(∗)
Q follow the same pattern as those for ΛQ.
B. Calculations of residues of ΛQ-type and ΣQ-type baryons
From the baryonic currents for ΛQ-type and ΣQ-type baryons constructed in the quark-
diquark model in Sec. II, we can obtain the relations between the residues and the BS wave
13
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FIG. 2. The normalized BS wave functions for ΛQ-type baryons, ΛQ (mD = 0.70 GeV) and Ξ
A
Q
(mD = 0.95 GeV), with κ = 0.02 GeV
3 and κ = 0.08 GeV3 respectively.
functions for ΛQ-type and ΣQ-type baryons as follows:
〈0|JΛQ |ΛQ〉 = 〈0|Dψ|ΛQ〉 =
∫
d4p
(2pi)4
χP (p), (44)
〈0|JΣQ|ΣQ〉 = 〈0|Aµγµγ5ψ|ΣQ〉 =
∫
d4p
(2pi)4
γµγ5χ
µ
Pm(p) (m = 1). (45)
Explicitly, the residues of ΛQ-type baryons can be expressed as (take ΛQ as the example)
fΛQ =
∫
dpt
2pi2
f˜P (|pt|)p2t . (46)
For ΣQ-type baryons, we have B
µ
1 =
1√
3
(γµ + vµ)γ5u(v), substituting this equation into
Eq. (45), we arrive at
fΣQuΣQ =
∫
d4p
(2pi)4
1√
3
[A(4− v/)− Cv/γ5pt/γ5 −Dpt/γ5pt/γ5]uΣQ , (47)
since the Dirac spinor uΣQ satisfies the condition: v/uΣQ = uΣQ , and
∫
d4p
(2pi)4
pµt f(|p|2) = 0
(f(|p2|) stands for a function of |p|2), we have
fΣQ =
1√
3
∫
d4p
(2pi)4
[
3A(p)− |pt|2D(p)
]
. (48)
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FIG. 3. The normalized BS wave functions for ΛQ-type baryons, ΛQ (mD = 0.60 ∼ 0.80 GeV) and
ΞAQ (mD = 0.90 ∼ 1.00 GeV) when κ = 0.06 GeV3 for both baryons.
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FIG. 4. The normalized BS wave functions of Σ
(∗)
Q with κ = 0.02 GeV
3 and κ = 0.08 GeV3 when
mA = 0.90 GeV.
15
0.0 0.5 1.0 1.5 2.0 2.5 3.0
-10
-5
0
5
10
15
20
|pt |(GeV)
A˜
(|p t|)
,C˜
(|p t|)
,D˜
(|p t|) D˜(|pt |)(GeV
-4 ) κ=0.02GeV3C˜(|pt |)(GeV-3 ) κ=0.02GeV3
A˜(|pt |)(GeV-2 ) κ=0.02GeV3
A˜
(|p t|)
,C˜
(|p t|)
,D˜
(|p t|)
D˜(|pt |)(GeV-4 ) κ=0.08GeV3C˜(|pt |)(GeV-3 ) κ=0.08GeV3
A˜(|pt |)(GeV-2 ) κ=0.08GeV3
FIG. 5. The normalized BS wave functions of Ξ
S(∗)
Q with κ = 0.02 GeV
3 and κ = 0.08 GeV3 when
mA = 1.05 GeV.
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FIG. 6. The normalized BS wave functions of Ω
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3 and κ = 0.08 GeV3 when
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Finally, completing the integral
∫
dpl
2pi
in (48) and integrating θ and φ in the spherical
coordinate system, one immediately obtains
fΣQ =
1√
3
∫
dpt
2pi2
|pt|2
[
3A˜(|pt|2)− |pt|2D˜(|pt|2)
]
. (49)
For Σ∗Q-type baryons, it can be shown that in the leading order of HQET, we have (take Σ
∗
Q
as the example)
〈0|JµΣ∗Q|Σ
∗
Q〉 =
1√
3
fΣ∗Qu
µ
Σ∗Q
, (50)
substituting the explicit form of JΣ∗Q into Eq. (50) and multiplying
√
3ptµ on both sides of
it, we have ∫
d4p
(2pi)4
√
3
[
A(p) +
1
3
D(p)p2t +
1
3
C(p)p/t
]
= fΣ∗Q , (51)
following the same routine used in the calculation of fΣQ , we obtain
fΣ∗Q =
1√
3
∫
dpt
2pi2
|pt|2
[
3A˜(|pt|2)− |pt|2D˜(|pt|2)
]
, (52)
so the residues of Σ∗Q-type baryons are the same as those of ΣQ-type baryons, which is
consistent with the heavy quark symmetry.
In Table VI, we give the numerical results for the residues of ΛQ-type baryons ΛQ and Ξ
A
Q
with mD ranging from 0.60 GeV to 0.80 GeV and 0.90 GeV to 1.00 GeV respectively when
κ = 0.02, 0.04, 0.06, 0.08 GeV3. In general, we find that both fΛQ and fΞAQ increase as mD
and κ increase. Besides, it can be seen that the value of fΛQ changes from 0.103 GeV to
0.224 GeV in the variation ranges of the model parameters κ and mD, and fΞAQ changes from
0.143 GeV to 0.215 GeV with the variations of κ and mD. Furthermore, the dependence of
the residue fΛQ on mD is stronger than that on κ. For example, the variation caused by
the change of mD is about 0.079 GeV when κ is 0.02 GeV
3; by contrast, the variation is
0.042 GeV as κ changes from 0.02 GeV3 to 0.08 GeV3 when mD is 0.80 GeV. We find the
same pattern for the dependence of fΞAQ on κ and mD. On top of that, we find that when κ
is fixed, the variation caused by the mass of diquark is larger for ΛQ than Ξ
A
Q, for example,
when κ = 0.04 GeV3, the variation of the residue of ΛQ is 0.061 GeV, but only 0.033 GeV
for ΞAQ.
The results for the residues of ΣQ-type baryons, Σ
(∗)
Q , Ξ
S(∗)
Q and Ω
(∗)
Q , with different values
of κ and in the ranges of mA are given in Table VII. We find the residue of Σ
(∗)
Q is in the
range 0.262 GeV ∼ 0.361 GeV, with parameters κ and mD varying in their regions. The
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TABLE VI. The residues of ΛQ and Ξ
A
Q with different values of κ and in the ranges of mD in our
model under the heavy quark limit.
κ(GeV3) 0.02 0.04 0.06 0.08
fΛQ(GeV) 0.103∼0.182 0.137∼0.198 0.163∼0.212 0.182∼0.224
fΞAQ
(GeV) 0.143∼0.181 0.161∼0.194 0.176∼0.205 0.189∼0.215
residue of Ξ
S(∗)
Q is in the range 0.313 GeV ∼ 0.460 GeV, which is generally larger than that
of Σ
(∗)
Q , and the residue of Ω
(∗)
Q in the range 0.350 GeV ∼ 0.571 GeV are lager than those of
both Σ
(∗)
Q and Ξ
S(∗)
Q . The variations of the residues for Ξ
S(∗)
Q and Ω
(∗)
Q are becoming smaller
as κ increases. Furthermore, when κ is fixed, for example, at 0.04 GeV3, the variations of
the residues increase as the masses of ΣQ-type baryons increase. Besides, we find that the
variation resulted by the mass of the diquark is wider for Ξ
S(∗)
Q than Σ
(∗)
Q , for example, the
variation is 0.026 GeV for Σ
(∗)
Q , but 0.090 GeV for Ξ
(∗)
Q when κ = 0.02 GeV
3. However, when
κ = 0.08 GeV3, the variation of the residue is only 0.008 GeV for Ξ
(∗)
Q , but 0.044 GeV for
Σ
(∗)
Q . It suggests that different values of κ have different influences on the residues of ΣQ-type
baryons. It can be seen in general that the residues of ΣQ-type baryons are larger than that
of ΛQ-type baryons, which is consistent with the residues from QCD sum rules [14]. The
changes of residues of ΣQ-type baryons with κ and mA follow the similar pattern to that of
ΛQ-type baryons.
TABLE VII. The residues of Σ
(∗)
Q , Ξ
S(∗)
Q and Ω
(∗)
Q with different values of κ and in the ranges of
mA under the heavy quark limit.
κ(GeV3) 0.02 0.04 0.06 0.08
f
Σ
(∗)
Q
(GeV) 0.262∼0.288 0.295∼0.299 0.305∼0.336 0.317∼0.361
f
Ξ
S(∗)
Q
(GeV) 0.313∼0.403 0.381∼0.422 0.428∼0.442 0.452∼0.460
f
Ω
(∗)
Q
(GeV) 0.350∼0.507 0.423∼0.542 0.452∼0.559 0.473∼0.571
Generally, the parameters in our model can be determined through the comparison
between theoretical predictions and experimental data for ΛQ-type or ΣQ-type baryons.
In Refs. [4, 5, 10, 35, 36], some phenomenological predictions for ΛQ-type and ΣQ-type
baryons such as semileptonic, nonleptonic and strong decay widths are given in the BS
equation approach. Furthermore, because the heavy quark is not infinite in reality, the 1/mQ
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corrections to the BS equation for ΛQ-type baryons are analyzed in Ref. [35] to obtain more
accurate predictions. From the analysis of Refs. [4, 5, 10, 35, 36], we find the uncertainties
of the predictions caused by the parameter κ are bigger than those of the diquark mass.
However, from the predictions for the residues of ΛQ-type and ΣQ-type baryons, we find the
uncertainties from the mass of diquark (mD and mA) are larger than those of κ.
V. SUMMARY AND DISCUSSION
The residues of ΛQ-type baryons (ΛQ and Ξ
A
Q) and ΣQ-type baryons (Σ
(∗)
Q , Ξ
S(∗)
Q and
Ω
(∗)
Q ) are interesting quantities both theoretically and experimentally, since they play an
important role in calculating the production amplitudes of heavy baryons and can be used
to calculate fragmentation functions of heavy baryons. In this work, we constructed the
baryonic currents for ΛQ-type and ΣQ-type baryons in the quark-diquark picture, and then
defined the residues of ΛQ-type and ΣQ-type baryons in this picture. After that, we derived
the relations between the residues and corresponding BS wave functions of ΛQ-type and
ΣQ-type baryons.
The BS equations of ΛQ and Σ
(∗)
Q were solved numerically based on the interaction
kernel including confinement and one gluon exchange terms in the covariant instantaneous
approximation. For the doublet states in ΣQ-type baryons, for example, ΣQ and Σ
∗
Q, we
proved that their residues defined in our model are the same under the heavy quark limit,
which is consistent with the heavy quark symmetry. Using the numerical solutions for the
BS wave functions, we obtained numerical results for the residues, 0.103 GeV ∼ 0.224 GeV
for ΛQ, 0.143 GeV ∼ 0.215 GeV for ΞAQ, 0.262 GeV ∼ 0.361 GeV for Σ(∗)Q , 0.313 GeV ∼
0.460 GeV for Ξ
S(∗)
Q and 0.350 GeV ∼ 0.571 GeV for Ω(∗)Q . The uncertainties of the residues
come from κ and the masses of diquarks (mD and mA). Much more data will be available in
the further experimental measurements, which can help us constrain the model parameters
more accurately by the comparisons between experimental data and the BS equation
predictions.
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